To gain insights into the origin and genome evolution of the plague bacterium Yersinia pestis, we have sequenced the deep-rooted strain Angola, a virulent Pestoides isolate. Its ancient nature makes this atypical isolate of particular importance in understanding the evolution of plague pathogenicity. Its chromosome features a unique genetic make-up intermediate between modern Y. pestis isolates and its evolutionary ancestor, Y. pseudotuberculosis. Our genotypic and phenotypic analyses led us to conclude that Angola belongs to one of the most ancient Y. pestis lineages thus far sequenced. The mobilome carries the first reported chimeric plasmid combining the two species-specific virulence plasmids. Genomic findings were validated in virulence assays demonstrating that its pathogenic potential is distinct from modern Y. pestis isolates. Human infection with this particular isolate would not be diagnosed by the standard clinical tests, as Angola lacks the plasmid-borne capsule, and a possible emergence of this genotype raises major public health concerns. To assess the genomic plasticity in Y. pestis, we investigated the global gene reservoir and estimated the pangenome at 4,844 unique protein-coding genes. As shown by the genomic analysis of this evolutionary key isolate, we found that the genomic plasticity within Y. pestis clearly was not as limited as previously thought, which is strengthened by the detection of the largest number of isolate-specific single-nucleotide polymorphisms (SNPs) currently reported in the species. This study identified numerous novel genetic signatures, some of which seem to be intimately associated with plague virulence. These markers are valuable in the development of a robust typing system critical for forensic, diagnostic, and epidemiological studies.
inventory: the murine toxin (pMT) and plasminogen activator (pPCP) plasmids. In addition, Y. pestis harbors the low-calcium-response plasmid pCD, which it inherited from its closest relative, Y. pseudotuberculosis (pYV) (12) , and it also is found in the more distantly related Y. enterocolitica (71) . So-called cryptic plasmids have been described in the literature as part of the Y. pestis mobilome (71) , but no sequence data are available to decipher the nature and impact of such plasmids in the epidemiology and pathogenicity of Y. pestis (14) . Y. pestis isolates have been historically grouped into the biovars Antiqua (ANT), Medievalis (MED), and Orientalis (ORI), based on metabolic properties such as nitrate reduction and fermentation patterns (72) . However, we will use the population-based nomenclature for Y. pestis introduced by Achtman et al. (1) , as we believe it better reflects the true evolutionary relationship. Due to its young evolutionary age, only a few genetic polymorphisms have been identified within the Y. pestis genomes sequenced to date (1) . Here, we report the comparative analysis of the virulent Y. pestis strain Angola, a representative of one of the most ancient Y. pestis lineages thus far sequenced. We studied adaptive microevolutionary traits Y. pestis has acquired and predicted the global Yersinia pangenome. By comparing the genomes of the three human pathogenic Yersinia species cluded five groups of 10 animals each. The starting concentrations for the subcutaneous challenges were prepared as 10-fold serial dilutions from the highest dose. Mice were challenged subcutaneously between the scapulae with 200 ml of Y. pestis suspended in 10 mM potassium phosphate buffer (pH 7). Animals were observed twice daily for at least 21 days postexposure. LD 50 values were determined by probit analysis.
(ii) Virulence in BALB/c mice and Hartley guinea pigs models. The comparison of virulence in mice (20 g, 6 weeks old) and guinea pigs (0.8 to 1 kg) was done via the intradermal route of infection using strain Angola versus a control strain of typical Y. pestis CO92. The strains were introduced in suspensions using tuberculin syringes with 25-to 27-gauge needles with injection into the dermal layer of the skin (skin bubble). Each strain was delivered at the two doses of 1 ϫ 10 2 and 1 ϫ 10 6 CFU of each strain. Bacterial cells for injection were made by diluting suspensions from fresh slants. Animals were tested in groups of six. The animals were observed daily at 4-h intervals for 2 weeks. Relative virulence was determined by lethality and mean time to death for each dose.
Comparative mutational analysis. Ten colonies of each Y. pestis strain analyzed were tested for spontaneous nalidixic acid resistance. Ten isolated colonies of each Y. pestis strain tested were grown in tubes containing 10 ml brain heart infusion (BHI) broth for 48 h at 28°C with shaking at 200 rpm. The A 600 then was determined for each culture. For each bacterial suspension, a volume of 0.2 ml was streaked onto two BHI agar plates (50) containing nalidixic acid (100 g/ml). The number of colonies on each plate was counted after incubation for 48 h at 28°C. The proportion of spontaneous resistance in the bacterial population was calculated for each tested strain as follows: mutation rate ϭ (number of resistant colonies)(5)/(1.75 ϫ 10 9 )(A 600 reading). The number of bacterial cells in one A 600 unit is approximately 1.75 ϫ 10 9 CFU/ml. The average of 10 mutation rate determinations then was calculated to arrive at the overall mutation rate for each strain.
Single-nucleotide polymorphism discovery. Single-nucleotide polymorphisms were identified in pairwise genome comparisons by comparing the predicted genes on the closed chromosome of Y. pestis strain CO92 to the completed genomes of strains KIM, Antiqua, Nepal516, 9001, and Pestoides F using MUMmer (19) , and draft contigs were used for strains CA88-4125 (8) and FV-1 (63) . By mapping the position of the SNP to the annotation in the reference strain CO92 genome, it was possible to determine the effect on the deduced polypeptide and classify each SNP as synonymous or nonsynonymous. For genomes with deposited underlying sequencing information, a polymorphic site was considered of high quality when it was represented by three underlying sequence reads with an average Phred quality score of greater than 30 (23) . The SNP data set was manually curated, and positions within repeats and lateral acquired genomic regions were excluded from the phylogenetic analysis.
Phylogenetic analyses. SNP data were analyzed further using the HKY93 algorithm (35) with 500 bootstrap replicates, and a phylogenetic tree was constructed using the PhyML algorithms (30) . The Geneious software package (http://www.geneious.com) and SplitsTree4 (37) were used for visualization.
Core genes and gene discovery computation. To compute the core gene, new gene, and pangenome estimates, all-versus-all WU-BLASTP and all-versus-all WU-TBLASTN were performed according to W. Gish (http://blast.wustl.edu) (5) . The results from these two searches were combined such that the TBLASTN prevented missing gene annotations from producing false negatives. Hits were filtered such that homologues were defined as having 50% sequence similarity over at least 50% of the length of the protein.
Pangenome computation. To compute core gene, new gene, and pangenome estimates, all-versus-all WU-BLASTP and -TBLASTN were performed (5). The determination of core genes and strain-specific genes depends on the number of genomes included in the analysis. The number (N) of independent measurements of the core and strain-specific genes present in the n th genome is 
enterocolitica).
A random sampling of 1,000 measurements for each value of n was calculated to reduce the number of required computations. The numbers of core and strainspecific genes for a large number of sequenced isolates were extrapolated by fitting the exponential decaying functions F c (n) ϭ c exp[Ϫn/ c ] ϩ tg c () and F n (n) ϭ n exp[Ϫn/ n ] ϩ tg n (), respectively, to the mean number of conserved and strain-specific genes calculated for all strain combinations. n is the number of sequenced strains, and c , c , n , n , tg c (), and tg n () are free parameters. tg c () and tg n () represent the extrapolated number of core and strain-specific genes, assuming a consistent sampling mechanism and a large number of completed sequences. The pangenome itself represents an estimation of the complete gene pool based on the set of genomes analyzed and was computed in triplicates. In this case, a sample of at most 1,000 combinations for each value of n was taken and the total number of genes, both shared and strain specific, was calculated. To estimate the total number of genes accessible to the subsets of tested genomes or the pangenome, the median values at each n then were fitted with an exponential decay function as the core and new gene graphs.
Synteny analysis. To study the genome dynamics, paralog clusters in each genome were computed by using the Jaccard algorithm according to reference 39 by applying a Jaccard coefficient of 0.6 and an 80% identity threshold. Members of paralog clusters then were organized into ortholog clusters by allowing any member of a paralog cluster to contribute to the reciprocal best matches used to construct the ortholog clusters. The presence or absence of a gene from the reference strain Angola in a query genome was determined based on whether the query genome had a member in the reference gene's ortholog cluster. Query gene matches are drawn above their reference gene hits and are colored based on the position in the query genome. Genes colored black indicate that there are multiple clusters in the reference genome. The gradient display was drawn using these ortholog clusters with the SYBIL software package (http://sybil .sourceforge.net/).
Nucleotide sequence accession numbers. The Y. pestis Angola genome sequence (Project 16067) has been deposited under GenBank accession nos. CP000901 (chromosome), CP000900 (pMT-PCP), and CP000902 (pCD). The respective genome assemblies have been deposited in the NCBI Assembly Archive under ID3452 with an average coverage of 11.54ϫ, and the 67,293 sequencing traces are available from the NCBI Trace Archive. Fig. 1A ). No well-defined GϩC bias was observed, which is indicative of recent and frequent intrachromosomal recombinatorial events. The Angola mobile genome pool comprises the 69,190-bp pCD plasmid and a larger 114,570-bp chimeric plasmid, designated pMT-PCP, not previously seen in Y. pestis, which is composed of the murine toxin plasmid and two tandemly inserted copies of the plasminogen activator plasmid (Fig. 1B) . The plasmid profile of strain Angola reveals the presence of an autonomous pPCP plasmid that replicates independently of the chimeric version and clearly shows the increased size of pMT-PCP compared to that of a typical pMT plasmid of strain CO92 (see Fig.  S1 in the supplemental material). Gene dosage effects might be involved in pMT-PCP-borne pathogenicity, as the copy number of the chimeric plasmid is increased compared to that of isolates with a standard plasmid inventory. We estimated the strain Angola plasmid copy numbers by comparing the average plasmid sequence coverage to that of the chromosome with two pCD and four pMT-pPCP copies per chromosome for strain Angola, and the pMT-PCP plasmid clearly features the higher pPCP copy number under identical cultivation conditions. Thus, this chimeric plasmid appears to be under the replication control of pPCP, and its unique architecture might result in potential dosage effects of not only pPCP-borne but also pMT-borne virulence determinants.
RESULTS

Genome
Genome dynamics and gene inventory. To study the Angola genome architecture, we investigated the population-wide genome dynamics among the seven closed Y. pestis genomes. The comprehensive intra-and interspecies analysis of the virulence plasmid and the chromosome architecture (see Fig. S2 in the supplemental material) reveals a high degree of intrachromosomal rearrangements in strain Angola, a characteristic feature of the Y. pestis genome evolution (17) . The amino acid similarities show only marginal deviations within the analyzed Y. pestis isolates, and no obvious correlations between the traditional biovar classification and the degree of proteome conservation were detected (see Table S1 in the supplemental material), confirming the disconnect observed by Achtman et al. (1) between the biovar nomenclature and Y. pestis evolution. The species borders are clearly reflected in the interspecies comparisons of the Angola proteome to its closest phylogenetic neighbor, Y. pseudotuberculosis (12, 22) , and to the more distantly related pathogen Y. enterocolitica (61) . The chromosomes display only local microsynteny but no genome-wide synteny, and both the murine toxin plasmid pMT (see Fig. S2A in the supplemental material) and low-calcium-response plasmid pCD (pYV) (see Fig. S2B ) feature multiple intraplasmid rearrangements. In contrast to these molecules, the organization of the Y. pestis-specific plasmid pPCP is highly syntenic. These observed rearrangements are associated with a massive expansion of insertion sequence (IS) elements and clearly distinguish strain Angola from its phylogenetic progenitor, Y. pseudotuberculosis (12, 22) (Fig. 1A) . A similar role of IS element expansion in chromosomal reorganization has been implicated in the genome evolution and pathogenicity of Bordetella species (16) . Besides the abundance of IS elements in strain Angola, we also observed isolate-specific propagation patterns of the four IS element types within Y. pestis that drive not only the reorganization of their genomic architecture (62) but also the microevolution of the metabolic capabilities (59) (see Fig. S3 in the supplemental material).
Ancestral metabolic capabilities and biovar designation. Strain Angola is capable of fermenting glycerol and reducing nitrate and would be biochemically classified as a biovar ANT isolate (72) . The nitrate reductase gene, napA (YpAngola_ A2791), is identical to that of other Y. pestis nitrate reducers, while a new polymorphic state, an alanine-to-serine alteration at position 175 that is unique to Angola (GCA-ϾTCA), was found in glpD (YpAngola_A4123), a glycerol-3-phosphate dehydrogenase that is key to the identification of the glycerol fermentation phenotype.
Angola is further associated with the Pestoides group originating in central Asia (7, 27, 59), because it can metabolize (48) . In strain Angola, the rhamnose pathway (YpAngola_0737 to YpAngola_ 0748) consists of the transport gene rhaT, two regulatory transcriptional activators, rhaRS, three structural genes, rhaBAD, the lactalaldehyde reductase fucO and epimerase rhaU, and three interspersed hypothetical genes (YpAngola_0739, YpAngola_ 0741, and YpAngola_0742) with no assigned function (see Fig. S4 in the supplemental material). Among the identified polymorphisms within the rha locus, only a single genetic polymorphism (CAC3CGC; position 671) in the transcriptional activator rhamnose RhaS was consistently observed in modern Y. pestis isolates (41) . This regulator previously has been associated with the activation of rhamnose metabolism in Escherichia coli (67) , and thus the observed arginine-to-histidine alteration most likely is responsible for the rhamnose-negative phenotype in modern isolates. Interestingly, unlike previous findings by Kukleva et al. (41), we detected sequence variations not only in the regulator rhaS but also in both structural subunits rhaB and rhaD, while all other genes were found to be genetically identical within Y. pestis (see Fig. S4 in the supplemental material). These differences are not consistent among rhamnose-positive or -negative isolates and thus certainly are not responsible for the conversion of the rhamnose phenotype in Y. pestis. However, within rhamnose-positive isolates, these genetic variations might account for observed differences in the kinetics of rhamnose metabolism (15) . Further, strains Angola and Pestoides F (27) carry the methionine salvage pathway mtnKADCEBU (YpAngola_A3328 to YpAngola_ A3333) ( Fig. 2A ). This salvage cycle maintains methionine levels by recycling methylthioadenosine (MTA), a product of the biosynthesis of polyamines into methionine (57) . This pathway is conserved in Y. pseudotuberculosis serovar I strains IP31758 (22), IP32953 (12), PB1 (NC_010634), and serovar III strain YPIII (NC_010465), as well as the more distantly related Y. enterocolitica strain 8081 (61) . The presence of these ancestral pathways in strain Angola and the progenitor Y. pseudotuberculosis suggests that these loci have been lost secondarily in modern Y. pestis but were present in the ancestral root of this lineage, thereby supporting the relationship of ancestral strain Angola to modern Y. pestis ( Fig. 1A and 2A ). This hypothesis is strengthened by the presence of a 5Ј-methylthioadenosine/S-adenosylhomocysteine nucleosidase (mtnN), a further component of the mtn pathway located elsewhere in the genome that is found in all sequenced Y. pestis strains (22) .
Microevolution of the virulence plasmids.
We investigated microevolutionary processes that might have shaped the organization of Angola virulence plasmids. The genomic analysis of strain Angola reveals a unique chimeric 114,570-bp plasmid featuring an architecture not observed in any Y. pestis isolates sequenced previously (Fig. 1B) . Unusual sizes among the typical virulence plasmids previously were attributed to intrachromosomal deletions and the lateral acquisition of genomic fragments (28) . It is noteworthy that architectural variations consisting of independently replicating pPCP dimers have been reported in strains isolated from the western United States (14) . The pMT-PCP plasmid is composed of the murine toxin plasmid disrupted by two tandemly repeated copies of the pPCP plasmid. This architecture accounts for the large plasmid size and deviating GϩC content in a head-to-tail arrangement (Fig. 1C) . The presence of the IS100 element (Fig. 1B) on both virulence plasmids might have facilitated the mechanistic process of cointegration via double homologous recombination, resulting in the chimeric nature of this plasmid. It is not clear if the presence of this chimeric plasmid provides any advantage to strain Angola or arose due to defects in plasmid maintenance and the replication of pMT and pPCP. Enzymatic defects cause incomplete partitioning during replication and decatenation and might result in the dimeric plasmid (14) . We speculate that the unique plasmid architecture in Angola helps to guarantee a stable maintenance of both plasmids pMT and pPCP, as these two virulence plasmids are known to be unstable in Y. pestis (44) . Indeed, other Pestoides isolates lack one of the two species-specific virulence plasmids (see Fig. S1 in the supplemental material) (9, 27), and we found the chimeric plasmid to be stable even after extensive laboratory cultivation. The plasmid profile of four Pestoides isolates shows atypically large pMT plasmids (9) . However, in at least two of these strains, Pestoides F (27) and G8786 (28) , the larger size is the result of additional conjugal transfer system genes and evolved independently from the Angola-specific pPCP dimer integration. The Angola genome carries three copies of the plasmidassociated plasminogen activator genes (pla) that help promote the dissemination of Y. pestis through peripheral infection routes (43) . Thus, gene dosage effects of Pla virulence determinants might affect the pathogenic potential of strain Angola via endogenous plasmid control (60) . The lateral acquisition of these two virulence plasmids was a key step in the Y. pestis speciation and contributed to its evolutionary transformation from an enteric pathogen into a highly host-adapted mammalian blood-borne pathogen. The finding of this unique (5); circle fragments for comparison to the pMT plasmids are on the inside and show strains CO92 (6), KIM (7), 91001 (8) , Antiqua (9), Nepal516 (10), Pestoides F (11), and G8787 (12); circles for interspecies comparison to S. enterica CT18 pHCM2 plasmid (13) ; (14) (52), such as the ribonucleosidediphosphate reductases nrdAB (Fig. 1B, 2B ). This particular region, which is absent from all modern Y. pestis isolates, most likely was lost secondarily in the evolution of Y. pestis, as no difference in the overall GϩC skew of this region and the plasmid backbone was observed (Fig. 1B) . The observed prevalence of this fragment again supports a deeply rooted position of Angola in the Y. pestis phylogeny and also a close relationship to central Asian Pestoides isolates. The murine toxin component of the chimeric plasmid pMT-PCP carries a 6-kb region that displays more than 95% nucleotide similarity to the Salmonella enterica serovar Typhi CT18 plasmid pHCM2 (52) (Fig. 1B) . In Y. pestis it is present only in three other deep- (27) . The prevalence strengthens the previously suggested phylogenetic relationship between the Y. pestis murine toxin plasmid and the S. enterica CT18 pHCM2 plasmid (55) and further supports the suggestion that they share ancestry as well as being able to exchange genetic material. The latter suggestion is supported by the high sequence similarity of the Y. pestis multidrug resistance (MDR)-conferring plasmid pIP1202 (26, 65) to IncA/C enteric MDR plasmids (52, 58, 65) . This remnant 6-kb fragment encodes the alpha (nrdA) and beta (nrdA) subunits of the ribonucleoside-diphosphate reductase, which is involved in deoxyribonucleotide metabolism, and two hypothetical proteins with no assigned function (Fig. 2B) .
Comparative analyses of the plasmids Y. pestis pMT and S. enterica pHCM2 show that both the alpha subunit of the ribonucleoside phosphatase (33) and the conserved hypothetical proteins might be in the process of decay in strain Angola. Strain Angola carries two truncated nrdA pseudogenes (Fig.  2B , orange), while these genes appear to be intact and potentially functional in Pestoides group strains F and G8786 as well as in S. enterica CT18. Interestingly, in strain Angola, a second intact RNase copy is found 11.5 kb upstream from the first copy on the chimeric plasmid (Fig. 1B) and may functionally complement the degenerated nrdA pseudogenes. Deletion of the plasmid-borne capsular antigen. Angola is the only Y. pestis isolate sequenced to date that lacks the complete pMT-borne capsular antigen (caf) on its chimeric plasmid (Fig. 1B) . This species-specific operon forms the F1 capsular antigen and is syntenically organized in all previously studied isolates (13, 20, 28, 53, 59) (Fig. 3) . The F1 locus is comprised of four genes that encode the structural subunit Caf1, the molecular chaperone Caf1M, the outer membrane anchor Caf1A, and the regulator Caf1R (40) . The 5Ј-flanking region of the operon is highly conserved, but we found structural rearrangements in the adjacent 3Ј region. It is not clear if the absence of the capsule in Angola is due to a secondary loss or represents an ancestral state. Indeed, the capsular antigen is not essential for the manifestation of Y. pestis virulence but rather contributes to pathogenicity (18) . The ancestral position of Angola let us speculate in favor of a lateral acquisition of this virulence determinant during Y. pestis microevolution. This hypothesis is supported by a deviating GϩC content within the antigen region observed for all analyzed F1-positive murine toxin plasmids. It is noteworthy that another pMT-borne virulence determinant, the murine toxin (mtx) (YpAngola_0119), also shows a GϩC abnormality (Fig. 1B) . Thus, it appears that both species-specific virulence determinants most likely were secondarily incorporated into the plasmid backbone, and their presence in Y. pestis does not represent the ancestral state of the pMT coding capacity (Fig. 1B) . The genetic rearrangements at this locus might have been mechanistically facilitated by mobile genetic elements that are located downstream of the F1 locus. Although other nonencapsulated Y. pestis strains (54) as well as strains that express reduced amounts of the capsular antigen (68) have been reported from natural sources, their genomic architecture at this locus remains unknown. Such F1-negative strains are able to evade standard diagnostic assays specific for this surface-exposed antigen, and they potentially delay the essential immediate antibiotic treatment required to be administered according to the Centers for Disease Control and Prevention within the first 24 h postinfection. A possible emergence of this novel described Angola genotype raises questions about public health as well as future plague surveillance and treatment.
Assessment of virulence. The specific genetic make-up that allows Y. pestis to cause bubonic, pneumonic, and septicemic plague rather than enteric disease is not fully understood (73) . The ancient nature of Angola makes it of particular importance in gaining insights into the evolution of Y. pestis virulence. Although the capsule could be an important virulence factor in certain rodent hosts in nature, strains lacking F1 retain virulence in laboratory animal models, including nonhuman primates (18, 70) . The capsule is thought to be involved in Y. pestis pathogenesis, in particular by inhibiting phagocytosis, but is not a prerequisite for full virulence (25, 69) . However, the capsule presumably is involved in the intimate bacterium-host interaction, and one can hypothesize that its absence in strain Angola, together with the other genetic polymorphisms identified in this isolate, affect the pathogenic potential. To test this hypothesis, we examined the virulence of Angola in three rodent plague models, the outbred mouse, inbred mouse, and guinea pig, testing different routes of infection.
The use of both mice and guinea pigs to assay virulence is based on the observation that nonepidemic, enzootic Pestoides subspecies show attenuated virulence phenotypes in guinea pigs, but typically they are fully virulent in the rodent superfamily Muroidea (7). Indeed, Angola did not cause lethality in the guinea pig after either 10 2 -or 10 6 -CFU subcutaneous doses, while the epidemic strain CO92 was 100% lethal at both doses (Table 2) . A deficiency in the capsular antigen previously has been attributed to reduced virulence in guinea pigs (10) . However, the lack of the capsular antigen in strain Angola does not necessarily indicate low virulence, but the first-ever reported complete absence of this surface-exposed capsule may affect the intimate bacterium-host interactions by altering the immune response of the mammalian host (15) . A recent study of genetically engineered CAF-deficient mutants also suggests a role of the F1 antigen in promoting plague transmission by fleas (54) . This finding also might hold true in the genetic background of strain Angola.
In Swiss Webster mice, Angola was fully virulent by the aerosol route but was significantly less virulent than a typical Y. pestis strain in a subcutaneous challenge. The 50% median lethal dose (LD 50 ) in aerosol-infected mice was 3.6 ϫ 10 4 CFU, which is comparable to that of modern Y. pestis strains. However, the LD 50 for Angola by the subcutaneous route was 1,153 CFU, which is relatively high compared to the LD 50 of strain CO92 (2 CFU). Thus, there is a 500-fold difference in the LD 50 s of these two strains by the parenteral route. The mean time to death (TTD) also was increased in Angola (8,000 CFU; 7.6 days), while for CO92 the TTD at a lower dose of 4,000 CFU was significantly less (4.8 days) ( Table 2 ) (66) .
Our data suggest that the Angola virulence in the subcutaneous mouse model, but not by the aerosol route of infection, is affected by the reported strain-specific polymorphisms that are intimately associated with its pathogenic potential (7, 10, 34 in mice appears to have evolved early, as it is present in this ancient strain. However, it appears to lack some of the capability of typical Y. pestis strains to invade via parenteral routes.
The identification of such a naturally occurring, albeit rare, F1-negative strain, along with its ability to cause lethal pneumonic plague, has major public health implications. The F1 antigen is an important genomic marker traditionally used in diagnostics. Its complete absence demonstrates that this locus is not an ideal candidate for the development of future plague vaccines, and other targets need to be identified (18, 25) . It has been suggested that Y. pestis isolates such as Angola, which are virulent in mice but not in guinea pigs, present a reduced virulence in humans (7, 59) . However, there are a number of documented problems with guinea pig plague models, and the projection of such animal model-based results on human plague virulence remains a point of debate (4) .
Phylogenetic position of strain Angola. Detailed genome comparisons of this evolutionarily young pathogen enabled us to investigate important but rare genetic polymorphisms that determine the isolates' evolutionary relationships. The described genotypic signatures on the chromosome and plasmids of Y. pestis Angola clearly indicate a close relationship of strain Angola to the Pestoides group, which is suggestive for an ancestral phylogenetic positioning of Angola within the Y. pestis lineage (45) (Fig. 1, 2, and 4) . The relationship of strain Angola to central Asian Y. pestis isolates is supported by our analysis of two previously deployed markers, such as the variable number of tandem repeats (VNTRs) and low-calciumresponse V antigen (7, 45) . We found that the pCD-borne lcrV gene of strain Angola (3) and the Y. pestis subsp. hissarica strain A-1728 (DQ489552) show an identical genetic make-up, carrying three nonsynonymous SNPs at positions 54, 215, and 817. This finding is consistent with their alleged ancestral status, as the African strain Angola and these analyzed Asian subspecies show a high degree of diversity in the lcrV antigen compared to those of descending modern Y. pestis isolates (see Table S2 in the supplemental material). However, due to the genetically homogenous nature of the Y. pestis population, the application of these genotyping methodologies is, in many cases, beyond the resolution threshold and cannot resolve the individual phylogenetic relationships of distinct Y. pestis isolates. To resolve the population structure, we applied an SNPbased genotyping methodology using the modern 1.ORI strain CO92 as the reference genome (8, 13, 20, 27, 53, 59, 63) . In this study, we identified for the species a total of 424 synonymous SNPs (sSNPs) and 1,006 nonsynonymous SNPs (nsSNPs) (see Table S3 in the supplemental material), which is far more than previously reported (1) . Genetic differences at the nucleotide level within the species previously have been attributed to less than 133 sSNPs and 349 nsSNPs (1, 2, 13) . The Angola genome harbors the largest number of SNPs ever reported for a Y. pestis isolate compared to that of a modern 1.ORI isolate (i.e., Y. pestis CO92), carrying a total of 258 sSNPs and 502 nsSNPs. In addition, Angola features the largest number (210 sSNPs, 383 nsSNPs) of unique strain-specific sSNPs. Considering the large number of unique SNP identified in strain Angola, we investigated the possibility that this isolate is rapidly evolving through a mutator genotype. However, as evidenced in comparative nalidixic acid resistance assays (see Fig. S5 in the supplemental material), no significant differences were found in Angola mutability compared to that of CO92. In support of the nonmutator genotype, comprehensive analyses of genes encoding the DNA mismatch repair system MutHLS (YpAngola_A3242, YpAngola_A0701, and YpAngola_A3242) and nucleotide excision repair UvrABCD systems (YpAngola_ A0751, YpAngola_A1430, YpAngola_A2053, and YpAngola_ A0545) did not indicate any genetic differences that could affect Angola's mutation rate, as these loci are present and nondegenerated in strain Angola.
The SNP-based phylogeny (Fig. 4) reveals that Angola is one of the most ancestral and deep-rooted Y. pestis isolates analyzed to date, a finding consistent with the ancestral genome features we could identify in the Angola genome ( Fig. 2 and 4 ; also see Fig. S4 in the supplemental material). Our phylogenetic analyses place strain Angola on the 0.PE3 branch and thus in a proximal position to the Pestoides group isolates F (0.PE2a) and 91001 (0.PE4) (1, 27) . These two central Asian Pestoides group isolates are of different geographical origin than the African strain Angola, although the phylogenetic relationships of strains from central Asia and Africa have been observed previously by different classification methods, such as ribonucleoside or IS element genotyping (31, 49) . The phylogeny further supports the hypothesis that biovars MED and ORI arose through parallel evolution from a biovar ANT progenitor due to the acquisition of independent mutations (29, 49) . However, as demonstrated for strain Angola, grouping Y. pestis according to the classical definition of biovars on the basis of a few biochemical properties does not accurately reflect and resolve their phylogenetic relationship. This refined evolutionary history of Y. pestis clearly supports a grouping of Y. pestis into populations rather than biovars, as suggested by Achtman et al. (1) .
The core genome and pangenome of the plague bacterium. We predicted, for the first time, the set of nonorthologous genes within the species, the Y. pestis pangenome, including chromosome-and plasmid-borne sequences of a given strain (47) . This data set contained the genomes of four evolutionarily key strains isolated from the zoonotic rodent reservoir in foci of endemic plague in China (21a). The core genome and gene discovery computations are visualized in Fig. 5 . Unlike the major role of lateral transfer that drives genome evolution (Fig. 5A ). The core genome, i.e., genes present in all 14 genomes analyzed, consists of 3,668 protein-coding genes, of which more than 94% are present in Y. pestis CO92. The ancestral loci maintained in the Pestoides group isolates and Angola, such as the methionine salvage pathway, still are part of the global gene pool of Y. pestis, but they have undergone a reductive evolution in descending Y. pestis isolates ( Fig. 2A ; also see Fig. S4 in the supplemental material). On average, only 21 new genes would be discovered for each additional Y. pestis genome sequenced (Fig. 5B) . These analyses clearly reflect the genetically homogenous nature of the Y. pestis population structure (see Table S1 in the supplemental material), and the results are comparable to data obtained for other evolutionarily young pathogens, such as Bacillus anthracis (47) .
The gene discovery rate was found to be significantly increased by the inclusion of Y. pestis strain IP275 (26) (Fig. 5B ). This strain introduces more than 200 genes into the species gene pool, all of which are carried on the isolate-specific MDR plasmid pIP1202; none are found on its chromosome. This emphasizes the potential impact of such isolate-specific plasmid inventory in the genome evolution of Y. pestis (Fig. 5A ) (1, 46) . In this context, it is noteworthy that the closest relatives, Y. pseudotuberculosis and Y. enterocolitica, clearly have evolved by the acquisition of isolate-specific plasmids (22) . The finding of the unique chimeric virulence plasmid, although it does not introduce novel genetic information into the species genome pool, provides further evidence for an open, yet-to-be-discovered Y. pestis panmobilome. Growing evidence suggests that the plasmid repertoire of Y. pestis is not restricted to the three classical virulence plasmids (24) , and that its genetic inventory is partly shared, either due to common ancestry or lateral exchange, with other human and zoonotic bacterial pathogens, such as S. enterica, S. enterica serovar Typhimurium (52, 65) , Klebsiella pneumoniae (58) , and Streptococcus equi (36) . The potential dissemination of genetic information between Y. pestis and other pathogens might be advantageous for strain-specific niche adaptations and bacterial fitness but also potentially impacts the pathogenic potential and should be considered in the future program development for plague surveillance, prophylaxis, and treatment.
Crossing the species border, we included the two other human pathogenic Yersinia species: Y. pseudotuberculosis, represented by the far-eastern scarlatiniform and pseudotuberculosis-causing strains IP31758 and IP32953 (12, 22) , and Y. enterocolitica 8081 (61) . When Y. pseudotuberculosis is included, the number of conserved core genes within these two species decreases slightly to 3,450 genes, while the predicted number of new genes for each new genome sequenced increases to 54 ( Fig. 5E and F) . Given the high degree of proteome conservation between Y. pestis and its progenitor Y. pseudotuberculosis (see Table S1 in the supplemental material), the species border is not well defined and the computed core gene sets differ by only 218 genes. This finding is supported by the close phylogenetic relationship between these two Yersinia species (12, 22) (Fig. 1A) . In contrast, the evolutionary distance between Y. pseudotuberculosis and Y. pestis to the phylogenetically distant Y. enterocolitica strain 8081 is clearly visible in Fig. 5E and F. The conserved gene set shrinks by 30% to 2,400 genes present in all three human pathogenic Yersinia species sequenced to date. This decrease reflects the estimated 1.9 million years of evolution separating Y. pseudotuberculosis and its phylogenetic descendants Y. pestis and Y. enterocolitica (2) .
The predicted pangenome defines the global gene reservoir, the total number of genes found at least once among the 14 genomes analyzed, of this group and is estimated to consist of 4,844 genes for Y. pestis (Fig. 6A) , and it is only 19% larger than the proteome of Y. pestis strain CO92 (53). Our pangenome computation indicates that the Y. pestis core genome reaches a minimum of genes and remains relatively constant, even as more genomes are added, indicating that Y. pestis as a species has a closed pangenome. On the contrary, in a species featuring an open pangenome, such as Escherichia coli, the predicted pangenome size was found to be almost 75% larger than the average genome size of the species (64) . The global Yersinia pangenomes are predicted to consist of a gene pool of 6,004 genes for Y. pestis and Y. pseudotuberculosis (Fig. 6B) and 7,311 genes when Y. enterocolitica is included in the analysis (Fig. 6C) . The 25 and 50% increases in pangenome sizes compared to that of the Y. pestis-only pangenome mirrors the phylogenetic relationships and individual traits of genome evolution within this group of organisms. The differences in the global gene pool across the species borders is caused by the observed reductive evolution in Y. pestis (22) (Fig. 2 and 4 ; also see Fig. S4 in the supplemental material) and by the influx of genetic material, such as the horizontal acquisition of speciesand isolate-specific plasmids, together with the incorporation of different genetic information into the chromosome of these two enteric Yersinia species (22, 61) .
DISCUSSION
Evolutionary considerations. The sequencing and phylogenomic analyses of this evolutionary Y. pestis key isolate advances our understanding of the speciation of this highly host-adapted pathogen from its enteric progenitor, Y. pseudotuberculosis. This study identified distinct adaptive microevolutionary traits that shaped the genome organization and gene inventory of this atypical African isolate and let us conclude that Angola belongs to one of the most ancient Y. pestis lineages thus far sequenced. Atypical Y. pestis strains have been reported to exist in natural foci in central Asia and are classified as the Pestoides group of isolates to acknowledge their distinct genetic, biochemical, and virulence properties (7, 70) . However, strain Angola is the first African Y. pestis isolate that can be identified as a representative of these ancestral lineages. Making use of the newly identified Angola genotypic and phenotypic characteristics will help to achieve a higher phylogenetic resolution in this genetically homogenous pathogen. The microevolution seems to be driven by isolate-specific genetic polymorphisms and by a high rate of intrachromosomal rearrangements driven by IS elements. Because the Angola genome has experienced such expansion, it is suggested that this phenomenon occurred soon after the split of Y. pestis from Y. pseudotuberculosis. Its mobilome further demonstrates that the Y. pestis plasmid repertoire is not restricted to the classical virulence plasmids. The unique chimeric virulence plasmid clearly shows the major impact of an isolate-specific plasmid inventory in the genome evolution in this otherwise genetically homogenous pathogen and provides further evidence for an open panmobilome.
Genomic plasticity in Y. pestis. The unique genetic traits in the Angola genome identified in this study, together with the largest number of isolate-specific SNPs, clearly support the existence of a yet-undiscovered genetic diversity within Y. pestis that is not as limited as previously thought. Thus, to gain further insights into the existing and evolving genetic diversity of Y. pestis, it is essential to continue gathering additional sequence data. The possible emergence of fully virulent F1-negative isolates capable of evading standard diagnostic assays raises major public health concerns and should be considered in future plague surveillance. Owing to the critical importance of Y. pestis for human health, the key to understanding the emergence and impact of such previously unknown genotypes, some of which are associated with plague pathogenicity and epidemiology, resides in the sampling and characterization of more isolates.
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